Abstract-This paper presents a modeling methodology for substrate current coupling mechanisms. An enhanced model of the diode ensuring continuity of minority carriers is used to build an equivalent schematic, accounting for minority and majority carrier propagation in the substrate. For the first time a typical H-bridge structure is simulated with the proposed methodology. The parasitic current injected in the substrate by a high-voltage structure is simulated in a circuitlevel simulator as well as with a finite elements method. Both are compared to measurements and show a very good agreement. The simulation resources needed by the proposed equivalent schematics are thus greatly reduced in regard to the finite element approach, offering an efficient tool for substrate modeling in smart power IC's.
INTRODUCTION
A new trend in integrated electronics is to concentrate different types of electronic functions on the same substrate, going from sensitive analog circuits to dense and fast digital functions. Moreover, in advanced applications, where actuation of external parts is required, it is common to have high-voltage and high-power circuits integrated in the ASIC.
This kind of technology is called Smart Power IC. The driving capabilities are typically in the order of 40V and can reach several amperes. These integrated circuits are commonly used in consumer electronics (printers, scanners, etc.) as well as in automotive and avionics applications [1] .
Typically these technologies are integrated on standard low-voltage CMOS technologies (such as 0.18µm) with some additional steps to implement high-voltage transistors. Electrical isolation between these high-voltage elements can be obtained in different ways, such as self-isolation, trenchdielectric-isolation and junction isolation [1] .
In junction isolation topology, isolation is obtained by the reverse biasing of PN junctions, where the P-type part is the substrate and the N-type part is the drain or source of high-voltage NMOS or PMOS transistors, respectively. When inductive or capacitive loads are switched, these junctions can be direct-biased and will inject electrons and holes directly into the substrate. Those electrons and holes will be further coupled by other junctions integrated in the same substrate [1] [2] [3] [4] .
This electrical coupling noise can severely disturb low voltage analog circuits located in the surrounding area, and may also deeply affect the functionality of digital parts. Such parasitic signals represent the major cause of failure and provoke the need for expensive circuit redesign [1, 3] .
Today, this parasitic coupling is modeled using standard bipolar transistors or thyristors models. Typically the coupling between 2 NMOS drains is modeled by a lateral NPN transistor [1] [2] [3] [4] , where the emitter and collector of the bipolar transistor represents the N-type diffusion of the NMOS drain, and where the P-type base of the lateral bipolar transistor represents the substrate. A cross-section of the high-voltage transistor is shown in Figure 1 . The extraction of the parameters for parasitic transistors is highly dependent upon the layout and the coupling effects should be accounted for in a 3-dimensional way [2] . In a classical H-bridge structure, at least four high-voltage transistors are used, leading to a very complex equivalent bipolar schematic with transistor parameters depending on the biasing. Moreover, imposing a bipolar 'meshing' may not be valid in this case.
This lack of design methodology prohibits an efficient design strategy and fails to give clear predictions of electrical perturbations in high voltage integrated circuits. A new modeling approach was proposed in [5, 6] using an enhanced diode model. The adopted concept consists of providing additional terminals to the diode in order to keep minority carrier continuity at the interconnections. PN junctions are now the elements to be identified, instead of parasitic bipolar transistors. In addition, parameter extraction of the equivalent diode network is greatly simplified: parameters used in the model of the PN junction are mapped to technological and geometrical parameters of the layout.
In this paper we demonstrate that the parasitic substrate current can be modeled by an equivalent schematic of the substrate, followed by a systematic detection of individual PN junctions. This is a major improvement with respect to the tedious and arbitrary process of substrate bipolar transistors identification. The results obtained with this approach are compared to finite element simulations and to the measurements done on an integrated 40V H-Bridge structure.
II. COMPACT MODEL
The substrate equivalent schematic is obtained by interconnecting enhanced PN junctions that account for minority carrier continuity at the boundaries. Minority carrier concentration and gradient are outputted as voltage and current respectively, through an additional terminal. Therefore, minority carriers are not fully recombined at the contact between two diodes, allowing bipolar effect to take place as illustrated in Figure 2 . The parameters used by the enhanced diode model are listed in Table 1 . The layout-dependent parameters are extracted from the dimensions of the junction, i.e. the size of the high-voltage NMOS transistor. The additional parameters are technology-dependent and therefore should be extracted from integrated test structures or directly from the components present in the design kit. Figure 3 shows the integrated structure of a full 40V Hbridge having an ON resistance of 1Ω. Transistors N1, N2, P1 and P2 are classical driving transistors. Diode D1 and D2 are additional free-wheeling diodes used to limit the reverse biasing of the transistor when inductive loads are switched off. The additional transistors N3 and N4 are used during the test to inject or collect charges flowing in the substrate. The active dimension of the H-bridge is 760μm width and 700μm height. The placements of the transistors are shown in Figure 4 . The two additional NMOS transistors are located in the center of the bridge, which is surrounded by a typical 9μm isolation structure, composed of a deep P diffusion connected to the ground. 
III. INTEGRATED H-BRIDGE STRUCTURE

IV. FINITE ELEMENT ANALYSYS
In order to optimize the performance and the surface occupied by a transistor, it is essential to layout the transistor in a folded way; this means that the transistor is decomposed in many fingers that are connected together in a parallel. Figure 5a shows a cross-section of a folded NMOS transistor. It is composed of three fingers that share drain and source terminals.
Simulating such a structure in a finite element simulator is very difficult; thus the structure needs to be simplified in order to reduce its complexity and to preserve carrier injection and collection in the substrate. The discrepancy in the latter is predominantly the result of the N-type buried layer (NBL) [2] . Moreover the current flowing in the drain to bulk diode is already taken into account in the transistor model. We keep only the NBL diffusion as illustrated in figure 5b. The PMOS transistor is different from the NMOS transistor, as shown in Figure 1 . In this case, the NBL is connected to the bulk, i.e. the supply voltage.
In addition to the geometrical parameters extracted from the layout, some additional technological parameters are necessary to simulate the structure. These are summarized in Table 2 . In most cases all these technological parameters are confidential. Therefore, we set them to typical values [2, 7, 8] commonly encountered in high-voltage technology.
In the simulation shown in Figure 6 , transistor N4 is biased 0.5V below the substrate voltage, thus injecting a current in the substrate. Other transistors are biased to a positive voltage, thus coupling the injected charge. The currents coupled by each transistor are shown in Table  3 . For a fair comparison between measurements and simulations, the injected current was matched to the one obtained from simulations. The results agree, confirming that the technological parameters and the transistor simplification were estimated correctly.
V. EQUIVALENT SCHEMATIC
In a second step, an equivalent schematic was implemented by further interconnecting the enhanced diode components to map the layout. Next the effects arising from the third dimension were obtained by adding a second layer inside the substrate. Additional components were used to model the vertical interconnections. Figure 7 shows the equivalent schematics used to model the substrate around the transistors N2 2 -P2-N4. It is composed of two parts. The top-layer models the first 5μm depth of the substrate. The bottom-layer accounts for the depth extending from 5μm to 15μm. All geometrical parameters were extracted from the layout of the H-bridge. The technological parameters are the same as those used for the finite element simulation.
Finally, the full equivalent schematic of the H-bridge and the surrounding substrate was implemented in a SPICElike simulator. The N4 junction was biased 0.5V below the substrate potential. The results are presented in Table 4 . The parasitic coupled current obtained agrees with the measurements. The error must be analyzed, keeping in mind that this approach is devoted to parasitic substrate simulation, which does not need to be accurate within a few percent. The main difference between finite elements and schematic simulations is the injected current from a junction biased at -0.5V. This mismatch comes from the exponential characteristic of the diode that makes a significant difference in the injected current for a very small voltage difference.
The computational resources needed for these simulations are presented in Table 5 , confirming that the SPICE-like simulation is a very good compromise between accuracy and CPU time. A complete functional simulation accounting for substrate coupled current can be done during the design of the circuit.
VI. CONCLUSION
This paper presents a general SPICE-compatible modeling methodology to simulate parasitic currents in IC's substrate that are responsible for circuit malfunction or run away, because of latching.
The equivalent schematic is based on an enhanced compact model of the diode, accounting for minority carriers at the component boundary. Classical technological parameters were used as input parameters and their values were validated through finite element simulations. The results obtained by the finite element method and the equivalent schematic agree with the measurement of an integrated high-voltage H-bridge. The simulation resources needed for the proposed modeling methodology are greatly reduced compared to the ones used by the finite element simulator.
This marks the first time that a systematic procedural modeling methodology has been used to build an equivalent schematic of substrate current propagation. It accounts for minority and majority carriers and allows a direct cosimulation of an H-bridge structure that fully includes parasitic substrate current.
